Human cytomegalovirus (HCMV), a member of the Betaherpesvirinae subfamily of the Herpesviridae family, is a widespread pathogen. CMV is a virus usually completely harmless to healthy people; nevertheless, it is still a major cause of morbidity and mortality in immunocompromised individuals, such as organ transplant recipients (also haematopoietic stem cell transplantation) and AIDS patients. Furthermore, is a common cause of congenital infections. So far, it is not possible to take effective prevention activities, although there are high expectations in finding an effective vaccine. Understanding the detailed construction of the virus helped to create exactly harmless virus strains used for research. Progress in genetics and biotechnology allowed the carrying out of changes in the virus genome. Today, we know the different parts of the DNA code, are able to modify them, delete, and add inserts. All these actions bring us closer to achieving the objective of an effective and safe vaccine. The presented study shows the results of many different studies and attempts to find an effective vaccine against HCMV. The development direction of research is broad and includes various activities with the use of subunit vaccines, DNA vaccines, peptides and vaccines using the vectors. Some preparations are just at the beginning of a long journey for the registration of an acceptable vaccine, while others have entered into the last phase of clinical trials.
INTRODUCTION
Cytomegaloviral disease was described for the first time by Ribbert in 1881. Goodpasture and Talbert found in 1921 that this infection was caused by a viral agent. Human cytomegalovirus (HCMV) was first isolated from the cell culture by three independent researchers: Smith, Rowe (1956) and Weller (1957) . The latter also gave the name of this pathogen as cytomegalovirus in 1960 [1] . HCMV is one of the more common opportunistic pathogen in immunosuppressed patients, e.g. after transplantation and HIV infection. Cytomegalovirus infection is especially dangerous for pregnant women because the viruses have the ability to pass through the placenta, leading to birth defects (especially in the CNS) and increase intrauterine mortality.
STATe Of KNOwleDge
Biology of the virus. CMV has been classified in the family Herpesviridae, subfamily Betaherpesvirinae. It is the biggest of human pathogenic viruses with a diameter of 200 nm. It has about 200 open reading frames (ORFs) and encodes over 200 proteins. Virion has an icosahedral symmetry protein capsid consisting of 162 capsomeres, and a diameter of about 100 nm; inside, there is a double-stranded DNA with a size of 235 kb [2] . The capsid is surrounded by the protein tegument and outside by the lipid coat. The viral genome consists of two covalently linked segments (L and S), each one of which contains a unique region (UL and Us) finished piece of TRL and IRL, TRs and Irs. Thus, the configuration of the genome can be represented as follows: TRL-UL-IRL-IRs-Us-TRs [2, 3, 4] . The CMV genome structure is shown in Fig. 1 . HCMV is routinely isolated from human fibroblast cell lines, and in studies on the biology of the virus, they are used as laboratory strains AD169, Towne, Toledo [3] .
Despite the diversity of genomic sequences of viruses belonging to the family Herpesviridae, there are conserved fragments (core genes) responsible for the basic metabolic and structural functions [5] . Genes specific to a group of viruses are not relevant in in vitro replication but play a role in the immune response. The sequence analysis with the genome of clinical isolates of HCMV revealed the presence of 70 glycoproteins, but in a laboratory strain AD169 only 57 were found. The structural glycoproteins are divided into two classes, i.e. common for the whole family (gB, gH, GL, GM, gN) and specific glycoprotein (having no resemblance to those of other herpesviruses). In contrast to the conservative glycoproteins, specyfic glycoproteins do not play a role in the replication of CMV cultures of fibroblasts in vitro, but are responsible for the tropism and pathogenicity of the virus [2] .
The virus enters the cell by attachment virus glycoproteins of the lipid bilayer to the host cell membrane receptors. The capsid with the genetic material penetrates into the cytoplasm, then migrates to the nucleus. CMV has a slow replication cycle. Full replication cycle takes about 96 hours [3, 4] .
During the lytic phase of infection, expression of immediate-early genes of the virus (IE) takes place, resulting in the formation immediate-early proteins that modulate cell metabolism and stimulate the expression of the early viral genes (E) [5] . At this stage, DNA replication occurs, whereupon early genes stimulate late viral gene expression. Late viral proteins are structural components of the virion and are involved in the formation of new virus particles. PostTranscriptional Gene Silencing (PTGS) viral early proteins in certain cell types, and is the cause of conversion into active infection in the latency stage. Latency is characterized by minimal expression of viral genes and inhibition of assembly and release of new progeny virions. Reactivation of latent infection is possible under the influence of various environmental factors. This leads to the development of disease and spread of the virus.
HCMV-infected cells also produce non-infectious particles that are similar to those of infectious virions comprise a shell, tegument and capsid proteins, but do not have DNA [2] .
Viral matrix proteins, such as pp65, pp71, pp150 and pp28, play a role in all stages of the viral replication cycle; therefore, they constitute a target for new antiviral drugs [6] . PP 65 is a protein responsible for the modulation of the host immune response, both cellular and humoral immunity, and is the main target for cytotoxic T lymphocyte. The protein pp71 has a central role in the activation of the expression of immediate early genes and the onset of the lytic cycle of the virus; pp150 and pp28 are highly immunogenic and are involved in the formation and release of new virus particles. Furthermore, pp150, as well as pp65, is required for incorporation of the nucleocapsid into the viral particle. [6] Epidemiology and pathogenesis of infection. The virus is widespread globally, and the primary infection is usually asymptomatic [5, 7] . There is no seasonality of the disease. The prevalence of anti-CMV IgG depends on many factors, such as age, social and living conditions, geographical area, sexual activity (homo-and hetero-sexual infection). Research on the correlation of CMV infection with age revealed the existence of three periods of increased incidence of infections: early childhood, adolescence and the reproductive period.
The virus can be present in various secretions of an infected person, such as discharge from the oropharynx, urine, vagina, semen, milk, and blood components. The virus spreads by direct contact with an infected person, vertically from mother to foetus, and parenteral, i.e. blood transfusions, organ or bone marrow transplants [7] . Immunosuppression is a major risk factor for the development of severe primary infection. In this group of patients, the previous risk of cytomegalovirus pneumonia was 10-30% and approximately 80% mortality. But over the past several years this number has significantly decreased due to the use of prophylactic and / or therapeutic antiviral drugs to reduce the frequency of reactivation [8] . Transfer of infection by blood transfusion, associated with transfusions of packed red blood cells, platelet-rich plasma and concentrates of granulocytes. However, with transfusions of fresh frozen plasma and cryoprecipitate there is no such a risk of infection. The introduction of leukoreduction in blood donation centres has significantly reduced this risk [7] .
The virus has an affinity for epithelial cells after infection and entering into the cells occurs the lytic replication [2, 5, 7] . The primary pathway of infection is the respiratory route or through sexual intercourse. Cytomegalovirus, like other herpesviruses, gives lasting settlement of the organism and its reservoir are mainly monocytes and polymorphonuclear leukocytes, where the virus is shed, even many years after the initial infection (present in the throat and urine).
The result of infection is seen substantially in larger cells, and the presence of characteristic intracellular inclusions surrounded by halo of low reflection, gives the appearance of the so-called. 'owl eyes'. Most primary infections are also recurrent in immunocompetent individuals and are asymptomatic.
The virus gets into the salivary gland, epithelial breast, prostate, endometrium, kidney tubules, and other organs, such as bone marrow and lungs. Therefore, it can be isolated from saliva, tears, breast milk, semen, cervical secretions, blood products, and urine [7] .
CMV infection may be either latent (non-productive), lytic (productive), asymptomatic or symptomatic.
The important role of regulating the innate cellular immune cells such as natural killer (NK) and interferon [5] . As a result of activation of TLRs succeeding in increasing the production of cytokines and chemokines stimulate NK cells. However, the most important role is played by cytotoxic T lymphocytes CD4 + and CD8 +, which cause lysis of infected cells in the productive phase of infection, are involved in maintaining latent virus and preventing its reactivation. Therefore, people with a defect on the cellular response of T cells are a group at severe risk of infection. This is particularly important for patients undergoing organ transplant, or haematopoietic cell (HCT) and infected with HIV [8, 9, 10, 11, 12, 13] . These people often become infected with primary or reactivated infection and re-infection (superinfection with a new strain of the virus). Polymorphism glycoprotein B (gB) determines viral tropism for different organs and tissues [14, 15] . Phylogenetic analysis of the region UL 144 showed high sequence diversity of clinical strains, suggesting a role in the infection of endothelial cells and leukocytes, it also demonstrated that genes UL128, UL130, UL131A play an important role in the ability of the virus to attack cells of epithelial and endothelial cells and leukocytes. Genotype protien gB, such as gB 1or gGB2, is often associated with infections acquired in childhood and is different from the strains isolated from patients with HIV [16] .
Clinical manifestations of CMV infection in immunocompromised patients include: prolonged fever over 38 °C with (or without) leukopenia, hepatitis -there is a 2.5-fold increase in transaminases; hyperbilirubinemia may occurs pancreatitis, gastrointestinal disorders, pain mainly present with fever, inflammation of the oesophagus, dysphagia, disorders that may be associated with Candida infection, interstitial pneumonia, inflammation of the heart muscle, bladder inflammation, inflammation of the retinaparticularly frequently observed in AIDS patients (patients without HAART in 60-71%), inflammation of the brain -in patients with AIDS and after haematopoietic stem cell transplantation.
Cytomegalovirus is a very common cause of congenital infection in humans [7] . From the group of all newborns with congenital infections, approximately 10% with have symptoms of CMV. The most common symptoms of this disease are an enlarged liver and spleen, and petechiae on the skin. Congenital CMV infection can cause diffuse interstitial pneumonia with relatively severe prognosis. About 20% of children have disorders in the vision organ, such as inflammation of the retina and choroid, which in the case of macula lutea can lead to blindness, strabismus or optic nerve atrophy. They may be also negative symptoms from the central nervous system. CMV infection is the most common post-transplantation that occurs within 1 -6 months after transplantation of solid organs, as well as bone marrow and haematopoietic stem cells [8, 9] . Solid organ transplants carry a risk of infection with CMV in the range 8-50%. Thoracic surgery treatments, such as transplant of lung, heart, or lung and heart, also have a high risk of infection [13, 14] . Particularly vulnerable are seronegative recipients of seropositive donors (D + / R-). In these patients there is a high morbidity and mortality. (Tab. 1).
Many studies point to the possibility of reactivation of CMV infection in immunocompetent patients, being in a serious condition because of clinical reasons, such as burns, trauma, sepsis, myocardial infarction [9, 10, 11] . In these cases, as a result of reactivation of infection in the lungs, cytomegalovirus pneumonia occurs.
Treatment and prevention.
In immunocompetent individuals the disease is relatively mild and they do not require any medication. Pharmacological treatment with ganciclovir is used in immunocompromised patients (people with AIDS, organ transplant) whose disease is associated with the organ of vision or is life-threatening. The problem is the use of this drug during pregnancy, according to the classification FDA, it belongs to the C group of medicines. Valganciclovir (prodrug of ganciclovir) is an antiviral agent that also works effectively and is taken orally. Foscarnet can be administered to patients with CMV resistant to ganciclovir, although it is less tolerated than ganciclovir [7, 8, 11] .
The first trials of an anti-CMV were carried out in the 1970s. Elek and Stern developed a live attenuated vaccine, AD 169, wherein the virus strain isolated from human lymphatic tissue was passaged 54 times in cultured human fibroblasts [17] . The vaccine was administered subcutaneously group of 26 seronegative volunteers. The injection was safe and well-tolerated. In 12 subjects of this group, while a local reaction to the vaccine occurred in only one person who had lymphadenopathy with lymphocytosis. A few years later, Neff et al. [18] conducted another clinical trial using AD169. The virus used in these studies was passaged an additional 5 times. Subcutaneous vaccine was administered to 24 volunteers. The immune responses, however, were of short duration.
Studies were also conducted using strains of CMV Towne, Toledo and Towne / Toledo. Plotkin et al. [19] isolated the Towne strain of CMV from the urine of 2-month-old infant with congenital cytomegalovirus. Virus has been passaged 125-times in tissue culture. The vaccine was given intramuscularly or intranasally and orally to 21 seronegative subjects. Seroconversion was achieved only after intramuscular administration. The vaccine introduced induced erythema and induration at the site of the injection in some individuals. Subsequent studies confirmed the absence of seroconversion with intranasal administration of the vaccine, as opposed to subcutaneous administration. Research has confirmed the ability of Towne to induce neutralizing antibodies [20, 21] . The increase in antibody titres after vaccination with Towne was comparable to that which occurs with natural infection, it is also dose dependent. Antibody levels decreased during the year as opposed to a constant level in patients who have had natural infection. It was confirmed by the ability of Towne vaccine to induce a cellular response. A Towne vaccine study was also conducted in post-renal transplantation patients with high risk of cytomegalovirus infection. After vaccination, cellular and humoral immune response was observed. In seronegative recipients of kidneys from seropositive donors, the risk of developing severe disease was significantly reduced as a result of the vaccination [19, 21, 22] . Towne vaccine efficacy was also confirmed in studies with a not-attenuated, low passaged strain of CMV Toledo. The high degree of attenuation of the virus Towne is likely due to genetic mutations during intense passage. Towne strain contains numerous mutations in their genome, in contrast to the non-attenuated Toledo strain [23] . Specific mutations affecting the virulence are not known [21] .
The next step in the study of HCMV vaccine was the creation of four independent chimeric vaccines containing genetically recombinant viruses, where regions of the notattenuated Toledo sequence were replaced by corresponding regions of the Towne genome [24] . The region Ul/b of the CMV genome responsible for encoding 19 proteins is present in HCMV, and is absent in strains after intense passages. The result is a recombinant Towne / Toledo virus which has an intermediate virulence between Towne and Toledo. Vaccines containing Towne / Toledo are safe and well tolerated. Viruses present in the vaccine are detected in the blood, saliva and urine of vaccinated individuals [22] .
The Towne strain is currently being tested in a prime boost strategy where the attenuated vaccine virus is preceded by a DNA vaccine [25] . To increase the immunogenicity of the Towne vaccine, it is used with an adjuvant in the form of recombinant human IL -12 [25, 26] . Phase I clinical trial of this vaccine have been completed. Subunit vaccines. Subunit vaccines use one or more specific proteins with an adjuvant to enhance the immune response of the organism. Glycoprotein B (gB) is characterized by high immunogenicity and is unchanging. It is modified by removing the waterproof, transmembrane domain, and elimination of the internal space of proteolytic degradation. [27, 28] . GB is used with aluminum hydroxide or MF59 as an adjuvant. MF59 is an emulsion of squalene in water. Squalene is polyunsaturated hydrocarbon, used as an adjuvant, for example, in an influenza vaccine. Research conducted with seronegative adults who were vaccinated with subunit vaccines, including gB with MF59 adjuvant in a study from 0-1-6 months. These people produced antibody levels comparable with those of natural infection with HCMV. Also, a different group of people were inoculated using glycoprotein B vaccine with aluminum hydroxide in a similar scheme. However, this group produced significantly lower antibody titer. Specific antibodies IgG and IgA were detected in saliva and nasal secretions. Additional vaccination caused a rapid increase in antibody titer. Vaccination with gB/MF59 also induced lymphocyte proliferative response to gB and HCMV. The injection gave only slight pain at the site of application, and was well tolerated [29] . An ability of GB/MF59 to prevent children with congenital CMV among seronegative women is undergoing further studies, and phase II of clinical trials of the gB/MF59 vaccine have been completed [30, 31, 32] . In the future, subunit vaccines may include, for example, gH, gM, gN, gO, gL, and other HCMV antigens [30, 33] .
Peptide vaccines. Peptide vaccines consist only of epitopes. Synthetic peptides of HCMV epitope pp65 induce T cellmediated cytotoxicity. This type of vaccine may be more useful in the treatment of rather than in preventing infection [32, 34] .
Vector Vaccines. Vector Vaccines are another type of HCMV vaccines. Many viruses are used as vectors for present vaccine antigens. ALVAC is the attenuated strain of the canarypox virus (CNPV) and is one of the most frequentlyviral vectors used in HCMV vaccines [35] . The genome of this virus can produce a big exogenous DNA fragment, which allows a large selection of antigen gene or combination of genes. During the infection of human cells and expression of foreign antigens, its own genome does not replicate, thereby reducing the risk of vaccine-associated adverse effects. Protein gB was the first HCMV antigen used for expression with ALVAC. After promising results in animal research, human clinical trials were started. ALVAC-gB can be used in prime boost vaccines. HCMV seronegative adults receive two doses of ALVAC-gB on a 0 -30 days, and then on the 90th day, a dose of live attenuated Towne vaccine [36] . This produced an immune antibody titer as high as in a natural infection. Similarly, when two doses of ALVAC-gB and a gB/MF59 dose of subunit vaccines, a high titer of immune antibodies was obtained and lymphoproliferative answer to HCMV antigen. Another type of vaccine is ALVAC, which allows expression of the viral protein pp65 [21] . Vector vaccine for HCMV is also a vaccine based on alphavirus vector carrying gene gB or fusion gene pp65/IE1, and is based on the vector MVA (modified vaccinia virus Ankara strain) also carrying the gB gene.
AVX601 vaccine. This is a two-component vaccine which has a carrier in the form of replicon Alphaherpesvirus, enabling the expression of HCMV glycoprotein B and pp65 (phosphoprotein 65) and IE1 (Immediate-early protein with a molecular mass of 72kDa) [37] . The vaccine is safe, well tolerated, with mild to moderately-severe local reactivity, pain at the injection site, tenderness, redness, itching. Induced high levels of neutralizing antibody and specific antigen response of lymphocyte T. It seems that this is a promising candidate for the prevention of congenital cytomegalovirus infection. The first phase of clinical trials on this vaccine has been completed, and the reaseach entered into phase II [31, 37] .
DNA Vaccines. Preliminary and surprising research results
indicate that the direct administration of an injection of purified DNA encoding specific antigens can induce protective immunity. This has led to the development of DNA vaccines for many pathogens, including CMV [31, 38] . They can induce both cellular and humoral immune response against CMV. The first DNA vaccine for HCMV contains a plasmid with gene for pp65. Another vaccine contained plasmids with the gene for pp65 to stimulate cytotoxic T-lymphocyte response and gB to stimulate the humoral immune response (bivalent DNA vaccine). VCL-CB01 is a DNA vaccine with plasmids ncoding pp65 and gB. Clinical trials of this vaccine are now in phase II [21, 32, 38] . The vaccine ASP0113 (TransVax), based on the same immune response pathways, are already at the stage of phase III trials. The study is a randomized, placebo-controlled, double-blind trial. The study group consisted of 500 patients undergoing haematopoietic cell transplant (HCT). Previous phases have produced very promising results of action of this vaccine [39] . VCL-CT02 / Towne is a prime booster vaccine consisting of a trivalent vaccine with DNA with plasmids encoding pp65, IE1 and gB. It is in phase I of clinical trials [21, 40] . Vaccination of mice with a DNA vaccine using the gB gene and the gene for type I interferon resulted in a greater resistance to MCMV, compared to mice that received a DNA vaccine only for the gB gene. It is interesting that the DNA vaccine with gene for type I interferon reduces the severity of the MCMV infection [40, 41, 42] .
Vaccination in the prenatal period. An important aspect is the prevention of congenital infection. Levinton at al [43] in his research focused on the study of the vaccine V545 in preventing transplacental transmission CMV infection in guinea pigs. The vaccine was created through the use of mutagens in guanosyl phosphoribosyl transferase (gpt) to remove viral gene GP1, which is responsible for the recognition of surface receptors on host cells. Also added to the genome were plasmids such as pKTS 107, pKTS 534, pKTS 536, among others. There was thus obtained an attenuated strain of the virus GP CMV MIP. Females were immunized twice at an interval of 3 weeks; then, the vaccinated animals were mounted by seronegative males (similarly conducted with the unvaccinated control group). After the confirmation of pregnancy, the females were infected with a virulent strain of CMV (salivary gland-derived GPCMV workpool), about four weeks before the birth. The test results (ELISA) show that the V545 vaccine had a significant impact on reducing the maternal viral load. After clinical examination, the protective effect of the vaccine against congenital CMV infection was noted in newborn guinea pigs. Animals born from vaccinated mothers had a higher birth weight and lower percentage of intrauterine death. Promising results were obtained in phase II clinical studies among the subunit vaccines using recombinant HCMV gB protein in combination with the adjuvant MF59 for seronegative women in a prenatal infection control [44] .
Alternative paths of development of vaccines. The following vaccines were tested in preclinical studies and in animal models: vector vaccine with recombinant vesicular stomatitis virus that transferred the gB gene, based on the vector MVA (modified vaccinia virus Ankara strain) also carrying the gB gene, and replication-deficient adenovirus-vectored vaccines. The tests were also carried with genetically modified plants (such as rice), their genome changed to induce an immune response in humans [45] . The new type of vaccine uses a genetically modified bacteria, created by expression in the modified bacteria proteins that are present on the surface of the pathogenic virus. These vaccines would include only fragments of the surface proteins of the virus which are placed in bacteries that normally exist in humans, e.g. Escherichia coli. Bacterial artificial chromosomes (BACs) are based on natural plasmids F of Escherichia coli, and can be used as a DNA vaccine. One chromosome is able to take fragments of 300 kb. This type of vaccine may provide adequate viral genes and therefore induce a broad immune response to the virus [46] .
Dense bodies (DBs) are complex, non-infectious particles produced by HCMV-infected cells. Through research on this issue, there is a new opportunity to create an effective vaccine against CMV. Their high immunogenicity by inducing cellular and humoral responses has been confirmed even in the absence of adjuvant [47] .
CONClUSIONS
Because of the very wide spread of CMV in the human population, and the various ways of spreading the infection, prevention of cytomegaloviral disease is limited. The only thing that can be done is to limit the spread of the virus by using basic hygiene guidelines for the prevention of influenza and other influenza-like illness. It seems that the ideal way to prevent the spread of CMV infections are vaccinations. The time between 2 -6 months of age is seems to be the optimal time for the implementation of the first vaccination. HCMV vaccination strategy should include first vaccinations before one year of age, and then another at the age of 10-11 years [48] . Vaccination would be particularly significant for females before the onset of puberty. This would reduce the risk of congenital CMV infection in the foetus and newborn. Recent studies have shown the safety of vaccines for both mother and as a child [49] . Another group of people for whom the benefits of the vaccine would be particularly significant are immunosuppressed patients. The presented study has shown the various activities that have existed during about 40 years work on the development of safe and effective vaccines, but to-date have not yet achieved the desired effect. However, ongoing research and clinical trials brings us closer to attaining a safe and effective vaccine. High hopes are attached to the TransVax vaccine which is the closest to being introduced into the pharmaceutical industry.
